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I. ABSTRACT 
a 
T h i s  i s  t h e  f i n a l  r e p o r t  summarizing t h e  r e s u l t s  of  i n -  
v e s t i g a t i o n s  on t h e  c a v i t a t i o n  damage r e s i s t a n c e ,  t h e  h i g h  f r e -  
quency f a t i g u e  and t h e  s t ress  c o r r o s i o n  b e h a v i o r  of  f i v e  metals 
i n  l i q u i d  sodium up to l 5 O O  F.  
t a n t  p a r a m e t e r  i n  e v a l u a t i n g  t h e  r e l a t i v e  c a v i t a t i o n  damage r e -  
s i s t a n c e .  S t e l l i t e  6B e x h i b i t s  t h e  g rea t e s t  r e s i s t a n c e  as com- 
p a r e d  w i t h  Cb-132MY T-222, TZM and 316 s t a i n l e s s  s t e e l .  The 
ra te  of  damage d e c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  
0 The t e s t  d u r a t i o n  i s  a n  impor- 
High f r equency  f a t i g u e  t e s t s  a t  -35 ppm and a t  -100 ppm 
0 
o x i d e  c o n t a m i n a t i o n  i n  l i q u i d  s o d i u n  up t o  1500 F show tha t  t h e  
o x i d e  c o n t e n t  does  n o t  change t h e  f a t i g u e  b e h a v i o r  o f  TZM and 
316 s t a i n l e s s  s t e e l .  The f a t i g u e  of 316 s t a i n l e s s  s t e e l  i n  
1500°F sodium a t  14,000 c p s  i s  comparable w i t h  t h e  r e s u l t s  ob- 
t a i n e d  a t  1 5 0 0 ~ ~  vacuum ( 3 x 
c o r r o s i o n  c r a c k i n g  was observed on TZM and on 316 s t a i n l e s s  s t e e l  
o v e r  a 60 h o u r  t e s t  a t  two oxide  l e v e l s  (-35 pprn and -100 ppm) 
torr) a t  4-5 c p s .  NO s t ress  
i n  l i q u i d  sodium a t  two t e m p e r a t u r e s  (1000 0 F and 1500 0 F )  up to 
100 p e r c e n t  y i e l d .  
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11. INTRO DUCT10 N 
High o u t p u t  Rankine-cyc le  space  power sys tems,  u s i n g  n u c l e a r  
r e a c t o r s  as t h e i r  pr ime energy  s o u r c e s ,  w i l l  u se  a l k a l i  metals 
as t h e i r  h e a t  t r a n s f e r  and working f l u i d $  o p e r a t i n g  a t  temper-  
a t u r e s  up t o  2200'F. 
f o r  long p e r i o d s  ( p e r h a p s  one t o  t h r e e  y e a r s )  of u n a t t e n d e d  s e r -  
v i c e .  C a v i t a t i o n  of t h e  working f l u i d  i n  t hese  sys tems i s  pos -  
s i b l e  because l i q u i d  condensa te  w i l l  be t r a n s f e r r e d  under  
t r a n s i e n t  c o n d i t i o n s  f a v o r a b l e  t o  t h e  f o r m a t i o n  of  vapor  b u b b l e s .  
The fo rma t ion  and growth  of t h e s e  vapor  b u b b l e s  d u r i n g  c a v i t a -  
t i o n  and t h e i r  u l t i m a t e  c o l l a p s e  on metal  s u r f a c e s  a t  l o c a l  areas 
of h i g h e r  p r e s s u r e  i n  pumps, p i p i n g  and o t h e r  c r i t i c a l  components 
Of  t h e  system can  cause  e x t e n s i v e  damage. T h e r e f o r e ,  materials 
must b e  found t o  r e s i s t  t h i s  c a v i t a t i o n  damage o r  d e s i g n  c o n d i -  
t i o n s  must be c o n t r o l l e d  t o  p r e v e n t  t h e  o c c u r r e n c e  of c a v i t a t i o n .  
These power sys tems must pe r fo rm r e l i a b l y  
I 
Two r e c e n t  s t u d i e s  have shown t h a t  c a v i t a t i o n  damage can  be 
a l i m i t i n g  f a c t o r  of  d e s i g n  f o r  l ong  d u r a t i o n  o p e r a t i o n o f  a 
space  sys tem.  I n  one s t u d y ,  Smith,  DeVan and G r i n d e l l  (Refer -  
ence  1) r e p o r t e d  a n  e r o s i o n  d e p t h  of 0.34 i n c h  i n  a n  I n c o n e l  
i m p e l l e r  pumping l i q u i d  sodium i n  a t e m p e r a t u r e  r a n g e  of 1050 F- 
1250°F for a p e r i o d  of  2575 h o u r s .  
du rance  t e s t  s p e c i f i c a l l y  des igned  f o r  o b t a i n i n g  some knowledge 
of t h e  i n t e n s i t y  of damage on a 316 s t a i n l e s s  s t e e l  i m p e l l e r  
pumping po ta s s ium a t  a c o n s t a n t  t e m p e r a t u r e  o f  1400 F ,  showed 
e r o s i o n  dep ths  up to 0.05 i n c h  i n  350 h o u r s  of o p e r a t i o n  ( R e f -  
e r e n c e  2). T h i s  pump was o p e r a t i n g  a t  a speed  of  6375 rpm and 
0 
I n  t h e  o t h e r  s t u d y ,  a n  en -  
0 
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d e l i v e r i n g  710 gpm a g a i n s t  200 f ee t  of head .  It seems c l e a r  t h a t  
c a v i t a t i o n  damage could  be  a s e r i o u s  problem i f  t h e  o p e r a t i n g  
p e r i o d  of t hese  t e s t s  were i n c r e a s e d  t o ,  s ay ,  10,000 h o u r s  coupled  
w i t h  t h e  c r i t e r i a  o f  l i g h t  weight and s u p e r i o r  r e l i a b i l i t y .  
These c o n s i d e r a t i o n s  mot iva t ed  t h e  N a t i o n a l  A e r o n a u t i c s  and 
Space A d m i n i s t r a t i o n  t o  sponsor  a broad based  b a s i c  i n v e s t i g a -  
t i o n  on t h e  mechanism of  c a v i t a t i o n  damage i n  l i q u i d  metals a t  
h i g h  t e m p e r a t u r e s .  To  s t u d y  t h i s  phenomenon, a n  e x p e r i m e n t a l  
a p p a r a t u s  was developed  making use  of  t h e  m a g n e t o s t r i c t i o n  t r a n s -  
d ! i c e r  g e n e r a l l y  used f o r  such s t u d i e s  i n  water a t  room tempera-  
t u r e  (Fieference 3 ) .  Using t h e  e x p e r i e n c e  g a i n e d  i n  e a r l i e r  
expe r imen t s ,  a new f a c i l i t y  was developed  f o r  conduc t ing  c a v i -  . 
t a t i o n  damage s t u d i e s  on r e f r a c t o r y  metals ( R e f e r e n c e s  3 and 4). 
This f a c i l i t y  i s  c a p a b l e  of m a i n t a i n i n g  l i q u i d  sodium a t  temper-  
a t u r e s  tip t o  1500 F w i t n  oxygen i m p u r i t y  l e v e l s  o f  less  t h a n  
30 ppm o v e r  a n  o p e r a t i n g  t ime of 8 h o u r s  (Refe rence  5 ) .  
0 
With  t h e  a i d  o f  t h i s  new f a c i l i t y ,  b a s i c  i n f o r m a t i o n  was ob- 
t a i n e d  on s e v e r a l  a s p e c t s  of t h e  mechanism of  c a v i t a t i o n  damage, 
p a r t i c u l a r l y  t h e  e f f e c t  o f  t e m p e r a t u r e  on the  i n t e n s i t y  of c a v i -  
t a t i o n  damage (Refe rence  6 ) .  S e v e r a l  metals were t e s t e d  f o r  
t h e i r  c a v i t a t i o n  danage r e s i s t a n c e  i n c l u d i n g  t h r e e  r e f r a c t o r y  
a l l o y s ;  C t - l 3 2 M ,  T-222,  and TZM a t  ?COOOF, 1000°F and 1590°F 
( R e f e r e n c e  7 ) .  N e w  t e c h n i q u e s  were developed  unde r  t h i s  program 
f o r  t e s t i n g  h i g h  f r equency  f a t i g u e  and s t ress  c o r r o s i o n  c r a c k i n g  
o f  h i g n  t e m p e r a t u r e  a l l o y s  t o  d e t e r m i n e  i f  t hese  p a r a m e t e r s  were 
s i g n f f i c a n t  i n  e x p l a i n i n g  the  r e s p o n s e  of materials t o  c a v i t a t i o n  
a t t a c k .  
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I11 a EXPERIMENTAL FACILITIES AND TECHNIQUES 
1. ExDerimental  F a c i l i t i e s  
The o p e r a t i o n a l  e x p e r i e n c e  g a i n e d  on a n  e a r l i e r  e x p e r i -  
men ta l  f a c i l i t y  i s  d e s c r i b e d  i n  Reference  3 .  These e x p e r i e n c e s  
l e d  t o  t h e  d e s i g n  of a more s o p h i s t i c a t e d  a p p a r a t u s  c u r r e n t l y  
i n  u s e .  S ince  t h e  d e t a i l s  o f  t h e  d e s i g n  as we l l  as t h e  c a l i b r a -  
t i o n  of  t h i s  f a c i l i t y  a r e  d e s c r i b e d  i n  Refe rence  5, on ly  a b r i e f  
o u t l i n e  of i t s  f e a t u r e s  and c a p a b i l i t i e s  a re  p r e s e n t e d  i n  t h i s  
r e p o r t ,  
The e x p e r i m e n t a l  f a c i l i t y  c o n s i s t s  e s s e n t i a l l y  of t h e  f o l -  
lowing sys tems:  ( F i g u r e  1) 
1. C o n t r o l l e d  Environment Dry Box 
2 .  Cover Gas Systems 
3 .  L iqu id  Metal System 
4 .  Hea t ing  and Cooling Systems 
5 .  Magn .e tos t r i c t ion  Appara tus  
C o n t r o l l e d  Environment Dry Box 
T h i s  i s  a 304 s t a i n l e s s  s t e e l  chamber des igned  t o  be  
evacua ted  t o  a minimum p r e s s u r e  of 2 .5  m f l l i t o r r  p r i o r  to back  
f l u s h i n g  w i t h  p u r e  a rgon  cove r  gas .  A s t a n d a r d  s l o p e d - f r o n t  
d r y  box was mod i f i ed  w i t h  s p e c i a l  a c c e s s  open ings  f o r  a n  a i r  
lock ,  hea ted  specimen locK, t u b u l a r  hous ing  for tne  magneto- 
s t r i c t i o n  d e v i c e ,  r e a r  door ,  view p o r t s ,  l i g h t i n g  p o r t s ,  u t i l i -  
t i e s  and in s t rumen t  c o n n e c t i o n s .  A f a l s e  bo t tom i s  f a b r i c a t e d  
i n  t h e  box f o r  c o o l i n g  p u r p o s e s .  The g e n e r a l  a r rangement  i s  
-5- 
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shown i n  F i g u r e  1. A 15 cfm mechan ica l  vacuum pump can  e v a c u a t e  
a i r  from t h i s  d r y  box down t o  2.5 m i l l i - c o r r  i n  8 h o u r s  w i t h  a n  
i n  leak r a t e  of  less  t h a n  15 m i l l i t o r r  p e r  hour .  The r e t o r t ,  
a i r  l o c k  and specimen l o c k  can b e  evacua ted  r a p i d l y  and s e p a -  
r a t e ly ,  i ndependen t  o f  t h e  main chamber to a vacuum of  2.5 r n i l l i -  . 
t o r r  a l s o .  
Cover Gas System 
An i n e r t  atmosphere of  p u r e  a rgon  s u r r o u n d s  a l l  com- 
p o n e n t s  which are  i n  c o n t a c t  w i t h  o r  have a c c e s s  t o  t h e  l i q u i d  
sodium. Commercially a v a i l a b l e ,  h i g h  p u r i t y  a rgon ,  w i t h  t o t a l  
m o i s t u r e ,  oxygen and n i t r o g e n  of l ess  t h a n  5 ppm, i s  used t o  
f i l l  t h e  d r y  box, r e t o r t ,  a i r  l o c k  and specimen l o c k  a f t e r  
e v a c u a t i o n .  The oxygen and m o i s t u r e  l e v e l s  i n  t h e  a r g o n  are  
moni tored  a t  d i s c h a r g e  from t h e  s t o r a g e  f lasks,  i n  t h e  mani- 
f o l d ,  acdi in t h e  d r y  box. 
The c o v e r  gas sys tem i s  c a p a b l e  of i n t r o d u c i n g  a n  i n i t i a l  
c h a r g e  o f  a r g o n  (PVC g l o v e  p o r t s  c l o s e d )  c o n t a i n b g  ofie ppm 
e a c h  of  O2 and H 2 0 .  
a r g o n  a tmosphere  i n  t h e  a r y  box con tamina te s  a t  8 ppm/hr f o r  
H 0 w i t h  t h e  g l o v e  p o r t s  open. However, d u r i n g  a n  expe r imen t  
t h e  a r g o n  c o v e r  gas i n  t h e  r e t o r t  i s  n o t  i n  c o n t a c t  w i t h  t h e  
a tmosphere  i n  t h e  d r y  box p r o p e r ,  e x c e p t  f o r  v e r y  s h o r t  i n t e r -  
v a l s  d u r i n g  specimen removal f o r  weighing,  and t h e r e f o r e  t h e  
r e t o r t  a tmosphere  o v e r  t h e  sodium i s  p robab ly  of much h i g h e r  
p u r i t y .  
During a t y p i c a l  e x p e r i m e n t a l  r u n  the  
2 
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Liquid Metal System 
T h i s  sys tem c o n s i s t s  of a s t o r a g e  t a n k ,  h o t  t r a p ,  r e -  
t o r t  and dump t a n k .  F o r  t h e  p r e s e n t  s t u d i e s ,  commercial ly  p u r e ,  
r e a c t o r  g rade  l i q u i d  sodium was p rocured  i n  30 g a l l o n  r e i n -  
f o r c e d  s t a i n l e s s  s t e e l  drums. The sodium from t h i s  drum was 
h e a t e d  t o  500°F and t r a n s f e r r e d  t o  t h e  h o t  t r a p  by means of 
p r e s s u r e  from t h e  h i g h  p u r i t y  a r g o n  s u p p l y .  
To f u r t h e r  p u r i f y  t h e  r e a c t o r  g r a d e  sodium t o  10 A 10 ppm 
ox ide  c o n t e n t ,  i t  was h o t - t r a p p e d  w i t h  z i r con ium c h i p s  f o r  
7 2  hour s  a t  1400°F. 
p lacement  i n t o  a r e t o r t  which i s  l o c a t e d  i n  t h e  bot tom of t h e  
d r y  box.  T h i s  r e t o r t  i s  made of a h i g h  n i c k e l  a l l o y  and i s  
b o l t e d  t o  t h e  f l o o r  of t h e  d r y  box th rough  a h i g h  t e m p e r a t u r e ,  
vacuum t i g h t  f l a n g e d  j o i n t .  The r e t o r t  can  w i t h s t a n d  up t o  
5 p s i g  p r e s s u r e  a t  1500 F .  Af t e r  t h e  expe r imen t ,  t h e  sodium 
can  be d r a i n e d  from t h e  r e t o r t  t o  a dump t a n k .  The e n t i r e  
sodium t r a n s f e r  loop  i s  made of 316 s t a i n l e s s  s t e e l  t u b i n g  and 
f i t t e d  w i t h  b e l l o w s - s e a l e d ,  vacuum-t ight ,  c o n t r o l  v a l v e s .  
T h i s  sodium was a g a i n  pumped by a r g o n  d i s -  
0 
Hea t ing  and Cool ing  Systems 
The components a s s o c i a t e d  w i t h  t h e  h e a t i n g  sys t em are  
t h e  r e t o r t  f u r n a c e ,  h o t - t r a p  f u r n a c e ,  vacuum f u r n a c e ,  s t o r a g e  
and dump t a n k  h e a t e r s  and t r a c e d  l i n e  h e a t e r s  f o r  sodium t r a n s -  
f e r  p i p e s .  4 
The f l o o r  of t h e  d r y  box i s  m a i n t a i n e d  a t  70°F a t  a 1 2  i n c h  
r a d i u s  from t h e  c e n t e r  of t h e  r e t o r t .  The maximum t e m p e r a t u r e  
o f  t h e  r e t o r t  head does  n o t  exceed 400°F, and t h e  a r g o n  
-7 - 
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t e m p e r a t u r e  i n s i d e  t h e  box does n o t  r i s e  above 90 F w h i l e  t h e  
r e t o r t  i s  o p e r a t e d  a t  1500 F.  The m a g n e t o s t r i c t i o E  t r a n s d u c e r  
i s  coo led  t o  room t e m p e r a t u r e  by a c o n s t a n t  t e m p e r a t u r e  k e r o -  
s e n e  b a t h .  
0 
M a g n e t o s t r i c t i o n  Apparatus  
The m a g n e t o s t r i c t i o n  a p p a r a t w  v i b r a t e s  a t e s t  s p e c i -  
men r a p i d l y  i n  t h e  h o t  l i q u i d  metal  to form c a v i t a t i o n  bubb les  
d u r i n g  t h e  u p - s t r o k e  which c o l l a p s e  OK t h e  specimen d u r i n g  t h e  
down-stroke t o  produce  t h e  d e s i r e d  damage, T h i s  r e p e t i t i v e  
c y c l e  leads t o  measu rab le  damage ra tes  unde r  c a r e f u l l y  con- 
t r o l l e d  l a b o r a t o r y  c o n d i t i o n s .  
The m a g n e t o s t r i c t i o n  a p p a r a t u s  c o n s i s t s  of  a n i c k e l  t r a n s -  
d u c e r  and v e l o c i t y  t r a n s f o r m e r ,  which i s  caused t o  o s c i l l a t e  i n  
a r e s o n a n t  c o n d i t i o n  by a n  a l t e r n a t i n g  magne t i c  f i e l d  f u r n i s h e d  
from a s i n e  g e n e r a t i n g  power supp ly  as shown i n  F i g u r e  2.  The 
a p p a r a t u s  was housed i n  a su l i t ab le  e l e v a t i n g  mechanism t o  p e r -  
m i t  o p e r a t i o n  i n  t h e  d r y  box. S p e c i a l  p r e c a u t i o n s  had t o  be 
t a k e n  t o  d e s i g n  a p ick -up  c o i l  ( f o r  m o n i t o r i n g  t h e  ampl i tude  o f  
v i b r a t i o n )  which wocld b e  s h i e l d e d  from t n e  h o t  sodium vapor  i n  
t h e  r e t o r t ,  A f eedback  c o n t r o l  c i r c u i t  was a l s o  i n c o r p o r a t e d  i n  
s y s t e m  e l e c t r o n i c s  whicn p rov ided  c o n t i n u o u s  s t ab le  f r equency  
and  ampl i thde  o u t p u t  of t h e  a p p a r a t u s  d e s p i t e  l o c a l  f l u c t u a t i o n s  
i n  o p e r a t i n g  t e m p e r a t u r e  g r a d i e n t s ,  The d e t a i l s  of  d e s i g n  have 
b e e n  d e s c r i b e d  i n  References  3 - 8. 
HYDRONAUTICS, I n c o r p o r a t e d  
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2 .  Exp erime n t a  1 Techniques 
C a v i t a t i o n  Damage R e s i s t a n c e  T e s t s  
Re fe rence  9 p r e s e n t s  a d e t a i l e d  s t u d y  of  t h e  e f f e c t  
of v a r i o u s  t e s t  p a r a m e t e r s  on t h e  c a v i t a t i o n  damage produced 
by a m a g n e t o s t r i c t i o n  d e v i c e ,  The r e p r o d u c i b i l i t y  of r e s u l t s  
w i t h  a s imple  f l a t  f aced  t e s t  specimen i s  e q u i v a l e n t  t o  o t h e r  
more complex specimen Shapes.  The d imens ions  of t h e  l i q u i d  
c o n t a i n e r  w i t h i n  wide l i m i t s  have a r e l a t i v e l y  i n s i g n i f i c a n t  
e f f e c t  on t h e  t e s t  r e s u l t s .  The same c o n c l u s i o n  h o l d s  good 
f o r  t h e  dep th  of immersion of  t h e  specimen i n  t h e  t e s t  l i q u i d ,  
The r a t e  o f  volume loss v a r i e s  as t h e  s q u a r e  of  specimen. d iam-  
e t e r  i n  t h e  s t e a d y  s t a t e  zone .  
B a s e d  on t h e s e  o b s e r v a t i o n s ,  t h e  f o l l o w i n g  t e s t  param- 
e t e r s  used i n  t h i s  program were s e l e c t e d :  A s imp le  f l a t  f a c e d  
specimen o f  h a l f  a n  i n c h  r a d i u s  was v i b r a t e d  a t  a doub le  a m p l i -  
t ude  of 1.36 X i n c h  and a f r e q u e n c y  of 1 4  k c s  t o  o b t a i n  
t h e  r e l a t i o n s h i p  between t h e  damage r a t e  and t h e  t e s t  d u r a t i o n  
u n t i l  t h e  s t e a d y  s t a t e  zone was r e a c h e d ,  
High Frequency F a t f g u e  Tes ts  
A h i g h  f r equency  f a t i g u e  t e s t ,  u s i n g  a mod i f i ed  mag- 
n e t o s t r i c t i o n  a p p a r a t u s ,  was d e v i s e d  t o  assess t h e  s i g n i f i c a n c e  
of s t r a i n  r a t e  and c o r r o s i o n  e f f e c t s  on c o r r e l a t i n g  mater ia l  
p a r a m e t e r s  a f f e c t i n g  c a v i t a t i o n  damage r a t e s .  The f r e q u e n c y  of 
l o a d i n g  and t h e  l i q u i d  m e t a l  environmer;t were c o r l t r o l l e d  t o  
d u p l i c a t e  e x p e r i m e n t a l  c o n d i t i o n s  of t h e  c a v i t a t i o n  damage t e s t s  
HYDRONAUTICS Zricorporated 
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Some e a r l i e r  i r L v e s t f g a t i o n a  d e s c r i b i n g  t h e  t e c h c f q u e  o f  h i g h  
f r equency  fat igLe a t  room tempera tu re  are  c i t e d  f o r  background 
i n f o r m a t i o n  (Refe rences  10, 11, 1 2  and 13) .  
The b a s i c  p r i n c i p l e  of  t h e  d e s i g n  of  t h e  h i g h  f r e q u e n c y  
f a t i g u e  s p e c i m e m  i s  as f o l l o w s :  When a l o n g i t u d i n a l  v i b r a -  
t i o n  o f  a h a l f  wave l e n g t h  o f  a m e t a l l i c  rod  i s  produced by 
means of  a n  o s c i l l a t o r ,  t h e  maximum s t r a i n  i s  produced a t  t h e  
node w h i l e  t he  maxfmum v e l o c i t y  and d i s p l a c e m e n t  are produced 
a t  t h e  a n t i n o d e s  a t  e i t h e r  end o f  t ne  rod  ( F i g u r e  3 ) .  
n o t c h  i s  produced a t  t h e  node, t h e n  t h e  s t r a i n  i s  f u r t h e r  ampl i -  
f i e d  a t  t n e  node.  It i s  n e c e s s a r y  to a m p l i f y  t h e  s t r a i n s  by 
means o f  a n o t c h  because  of t h e  power l i m i t a t i o c s  o f  t h e  d r i v -  
i cg  o s c i l l a t o r .  However, t h e r e  are two u n d e s i r a b l e  s i d e  e f -  
f e c t s  due TO t h i s  a o t c h ,  namely: (i) t h e  f a t igce  n o t c h  s e n s i -  
t i v i t y  ar,d (ii-) t k e  change i n  r e s o n a n t  f r equency  which w i l l  be 
d i s c u s s e d  s u b s e q u e n t l y  ~ 
I f  a 
A half wave lerLgt-!? of  t he  meTa l l i c  rod  i s  a t t a c h e d  to t h e  
f r e e  end of  t p e  v e l c c i t y  t r a n s f o r m e r  and i t  i s  v i b r a t e d  a t  t h e  
most e f f i c i e n t  o p e r a t i r g  f requency  of  t n e  m a g r i e t o s t r i c t i o n  
d e v i c e .  The ha l f  wave l e n g t h  cari be e x p e r i m e n t a l l y  de t e rmined  
by a d j u s t i n g  t n e  r o d  P e n g t n  t o  r e s o n a t e  a t  t h e  o p e r a t i n g  f r e -  
quency .  An a c c u r a t e  d e t e r m i n a t i o n  o f  t h i s  l e n g t h  arLd f r equency  
w i l l  g f v e  t h e  v a l u e  of  v s l o c i t y  of sound f o r  each  o f  t h e  metals 
t e s t e d  by t h e  r e l a t f o n s k i p :  
X f  = c 
ri 
I: 11 
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where 
X i s  t h e  wave l e n g t h ,  
n i s  t h e  r e s o n a n t  f requency ,  and f 
C i s  t h e  v e l o c i t y  of sound.  
The modulus o f  e l a s t i c i t y  f o r  each  metal  can  be c a l c u l a t e d  a f t e r  
d e t e r m i n i n g  t h e  d e n s i t y  of  each  m e t a l ,  by:  
a E = pc 
where 
E i s  t h e  modulus of  e l a s t i c i t y ,  and 
p i s  t h e  d e n s i t y  of  t h e  me ta l .  
c 21 
Table  1 g i v e s  t h e  p h y s i c a l  p r o p e r t i e s  t h u s  de t e rmined  for e a c h  
of t h e  two m e t a l s  t e s t e d  a t  two t e m p e r a t u r e s ,  
Notch s e n s i t i v i t y  - A n o t c h  was p r o v i d e d  a t  t h e  node 
t o  produce  high s t r a i n s  i n  t h e  t e s t  mater ia l .  It i s  known tha t  
f a t i g u e  s t r e n g t h  i s  s e n s i t i v e  t o  n o t c h e s  and i s  dependent  upon 
t h e  geometry o f  t h e  n o t c h .  T h i s  n o t c h  e f f e c t  on f a t i g u e  
s t r e n g t h  i s  c h a r a c t e r i z e d  by a f a c t o r  r\, known as n o t c h  s e n s i -  
t i v i t y  and i s  g i v e n  by:  
Kf  - 1 
K t  - 1 r \ =  
where 
I -  
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un-notched f a t i g u e  s t r e n g t h  K =  and f no tched  f a t i g u e  s t r e n g t h  
K = t he  t h e o r e t i c a l  s tress c o n c e n t r a t i o n  f a c t o r .  t 
Exper imen ta l  i n f o r m a t i o n  on q as a f u n c t i o r ,  of n o t c h  r a d i u s  a t  
e l e v a t e d  t e m p e r a t u r e s  i s  n o t  r e a d i l y  a v a i l a b l e .  The n o t c h  r a d i u s  
f o r  roon t e m p e r a t u r e  s t u d i e s  was s e l e c t e d  s o  t h a t  r\ would be as 
c l o s e  t o  u n i t y  as p o s s i b l e  (Reference  1 4 ) .  The same n o t c h  r a d i u s  
was adopted  for high t empera tu re  s t u d i e s  a l s o  s i p c e  no e x p e r i -  
rner,tal da t a  were r e a d i l y  a v a i l a b l e  f o r  the  metals under  t e s t .  
Tne t h e o r e t i c a l  s t ress  c o n c e n t r a t i o n  f a c t o r s  f o r  round bars car?. 
be found i n  Reference  1 4 .  The d imens ions  of t h e  n o t c h  s e l e c t e d  
are  shown i n  F i g u r e  4 .  
The s t resses  are  c a l c u l a t e d  as f o l l o w s :  The maximum s t r a i n  
a t  t h e  node f o r  a un i fo rm rod i n  s i n u s o i d a l  v i b r a k i o n  i s  g i v e n  
by : 
- 2T 'max 
€ txax h e 41 
where Smax i s  t h e  maximum a m p l i t u d e .  
2 s  g i v e n  b y :  
The s t ress  a m p l i t u d e  CJ 
a 
a = €  0 E  a nax I: 53 
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For t h e  p r e s e n t  specimen d e s i g n ,  t h e  t h e o r e t i c a l  s t r e s s  
c o n c e n t r a t i o n  f a c t o r  t a k e n  from Refe rence  1 4  i s  1.65. A magni- 
f i c a t i o n  of t h e  maximum s t r a i n  w i l l  o c c u r  a t  t h e  notched  s e c -  
t i o n  e q u a l  t o  t h e  s t ress  c o n c e n t r a t i o n  f a c t o r  m u l t i p l i e d  by 
t h e  r a t i o  o f  cross s e c t i o n a l  areas of t h e  unnotched and notched  
p o r t i o n s  of t h e  specimen, which i s  1 .65 x 4 or 6.6.  T h e r e f o r e ,  
t h e  s t r e s s  ampl i tude  of t n e  notched  specimen i s  g i v e n  by :  
* E  27T 0 = 6.6 xs a max [: 61 
E f f e c t  of n o t c h  on r e s o n a n t  f r equency  - Another  e f -  
f e c t  of t h e  no tch  i s  t o  lower t h e  r e s o n a n t  f r equency  s l i g h t l y .  
T h i s  problem can  be r e c t i f i e d  by r e d u c i n g  t h e  l e n g t h  of t h e  
f a t i g u e  specimen w i t h  a few t r i a l  and e r r o r  e x p e r i m e n t s ,  T h i s  
modi f ied  l e n g t h  can  a l s o  b e  p r e d i c t e d  by a n  approx ima te  t h e o r y  
f o l l o w i n g  Neppiras  (Refe rence  11). However, t h e  change i n  wave 
l e n g t h  due t o  t h e  n o t c h  ( t w i c e  t h e  specimer. l e n g t h )  r ema ins  
w i t h i n  10 p e r c e n t  of t h e  unnotched wave l e n g t h ,  'h, as shown i n  
Table  1. T h i s  notched. wave l e n g t h  s h o u l d  be used i n  t h e  c a l c u -  
l a t i o n  of s t r a i n s  i n  Equa t ion  [41, 
S t r e s s  Cor ros ion  Tests  
Ur,der r e p e t i t i v e  c a v i t a t i o n  c o l l a p s e  f o r c e s ,  t n e  t e s t  
mater ia l  can  become s e v e r e l y  worked and b u i l d  up i n t e r n a l  r e -  
s i d u a l  s t r e s s e s .  T h e r e f o r e  some l i m i t e d  s t ress  c o r r o s i o n  t e s t s  
on 316 s t a i n l e s s  s t e e l  and TZM i n  n i g h  t e m p e r a t u r e  l i q u i d  sodium 
were also conducted a5 p a r t  of t h i s  program t o  d e t e r m i n e  if this  
pa rame te r  was S i g n i f i c a n t  i n  f r a c t u r f n g  t h e  mater ia l .  
HYDRONATJTTCS, I n c  o m o r a t  ed 
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There  are two methods i n  normal  use  f o r  p roduc ing  s t r e s s  
c o r r o s i o n  c r a c k i n g :  c o n s t a n t  s t r a i n  and c o n s t a n t  l o a d .  Under 
c o n s t a n t  s t r a i n  t h e  specimen i s  loaded to a f i x e d  v a l u e  and 
upon c r a c k i n g  t h e  stress i s  r e l i e v e d ,  t h e r e b y  t e n d i n g  t o  r educe  
t h e  r a t e  of  c r a c k i n g .  I n  t h e  c o n s t a n t  l o a d  d e v i c e ,  as c r a c k i n g  
d e v e l o p s  t h e  s t ress  i s  i n c r e a s e d  due t o  a d e c r e a s e  i n  c r o s s -  
s e c t i o n a l  area a t  t h e  c r a c k .  At t h i s  p o i n t ,  t h e  c r a c k i n g  r a t e  
i s  i n c r e a s e d  and t n e r e f o r e  i s  r e a d i l y  i d e n t i f i e d .  
The f i r s t  method ( c o n s t a n t  s t r a i n )  employs a t y p i c a l  h o r s e -  
shoe  shaped specimen o r  ben t  beam i n  a f ixed  h o l d e r ,  w h i l e  t h e  
second method g e n e r a l l y  employs a t e n s i l e  t y p e  specimen loaded 
by weights.  The s u s c e p t f b i l i t y  o f  a meta l  t o  s t ress  c o r r o s i o n  
c r a c k i n g  c a n  be  r e a d i l y  demonst ra ted  by t h e  f i rs t  method, w h i l e  
a p a r a n e t r i c  s t u d y  o f  t h e  amount of  s t ress  v e r s u s  t ime t o  f a i l  
i s  more e a s i l y  o b t a i n e d  w i t h  a c o n s t a n t  l o a d  a p p a r a t u s ,  
A c o n d i t i o n  f o r  t h e  method s e l e c t e d  was tha t  i t  be e a s i l y  
a d a p + a % i e  f o r  t e s t i c g  i r ,  t h e  l i m i l e d  space  a v a i l a b l e  i n  t k e  r e -  
tort, of t h e  p r e s e n t  f a c i l i t y .  T h i s  c o n s f d e r a t i o n  l e d  to t h e  
s e l e c t i o n  of  a s p l i t  r i n g  type  of s t r e s s  c o r r o s i o n  specimen 
( F i g u r e  5 )  wnicn l i s  a mod i f i ca t io r i  of t k e  ho r seshoe  t y p e ,  
t h i s  c a s e  a c o n s t a n t  s t r a i n  i s  produced by c l o s i n g  t h e  gap o f  a 
s p l i t  r i n g .  
I n  
The r e l a t i o n s h f p  between t h e  maximum d e f l e c t i o n  6 p r o -  
V 
duced by a load  F i n  a t h i n  s p l i t  r i n g  o f  t h i c k n e s s ,  d and 
b r e a d t h ,  b (see F i g u r e  5), i s  g i v e n  by t h e  f o l l o w i n g  e q k a t i o n  
( R e f e r e n c e  15): 
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where 
E i s  t h e  modulus of  e l a s t i c i t y  of t h e  material ,  and 
r i s  t h e  r a d i u s  of t h e  t h i n  r i n g .  
F i g u r e  6 shows good agreement  between t h e o r y  and a c t u a l  mea- 
s u r e d  v a l u e s  of load  and d e f l e c t i o n .  A v a r i a b l e  r e l u c t a n c e  
f o r c e  gage was used i n  making t h e  measurements .  The maximum 
f i b e r  s t ress ,  0 ,  cor re spond ing  t o  a d e f l e c t i o n  b i s  g i v e n  by :  
V 
v Ed 6 C 81 
By f a b r i c a t i n g  t h e  e n t i r e  specimen assembly  from t h e  same 
m a t e r i a l ,  no a d d i t i o n a l  s t r e s s e s  were i n t r o d u c e d  upon h e a t i n g  
as a l l  p a r t s  expand e q u a l l y ,  The a p p r o p r i a t e  v a l u e  of t h e  
Youngs modulus E f o r  a g i v e n  t e m p e r a t u r e  was de te rmined  from 
t h e  f a t i g u e  e x p e r i m e n t s .  
I V .  MATERIALS TESTED 
The f o l l o w i n g  materials were t e s t e d  i n  t h i s  program f o r  
t h e i r  c a v i t a t i o n  damage r e s i s t a n c e  i n  l i q u i d  sodium: 
a .  316 s t a i n l e s s  s t e e l  
b .  S t e l l i t e  6B ( C o b a l t  a l l o y )  
c . 
d .  T-222 (Ta-lOW-2,5 H f  a l l o y )  
e .  Cb-132M (Columbium-Tantalum-Tungsten-Molybdenum a l l o y )  
T Z M  (Titanium-Zirconium-Molybdenum a l l o y  ) 
HYDRONAUTICS I n c o r p o r a t e d  
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( a )  316 s t a i n l e s s  s t e e l  - An 18-8 chromium-nickel 
s t a i n l e s s  s t e e l ,  p a r t i c u l a r l y  s u i t e d  f o r  h i g h  t e m p e r a t u r e  ser-  
v i c e .  It i s  similar t o  type  304, e x c e p t  t h a t  t h e  a d d i t i o n  of 
molybdenum g r e a t l y  i n c r e a s e s  i t s  c r e e p  s t r e n g t h  a t  e l e v a t e d  
t e m p e r a t u r e s .  It i s  u s e f u l  i n  h i g h  s t r e n g t h  s e r v i c e  up to ap-  
p r o x i m a t e l y  1500°F and r e s i s t a n t  to o x i d a t i o n  up t o  1650'F. 
The material  c a n n o t  be hardened by heat t r e a t m e n t .  The s t o c k  
was d e l i v e r e d  i n  t h e  c o l d  drawn, annea led  c o n d i t i o n  from t h e  
m a n u f a c t u r e r .  The specimens were used f o r  t h e  t e s t s  i n  t he  
as r e c e i v e d "  c o n d i t i o n ,  a f t e r  machining w i t h o u t  f u r t h e r  I t  
a n n e a l i n g .  
( b )  S t e l l i t e  6B - A c o b a l t  based a l l o y  w i t h  a r e l a -  
t i v e l y  modera te  (1.1 p e r c e n t )  ca rbon  c o n t e n t ,  making i t  one o f  
t h e  easiest  o f  t h e  c o b a l t  based a l l o y s  t o  form and work. The 
bar s t o c k  was f u r n f s h e d  i n  t h e  h o t  r o l l e d  c o n d i t i o n  and no  f u r -  
t h e r  hea t  t r e a t m e n t  was p rov ided  a f t e r  machin ing .  
( c )  TZM (Titanfum-Zirconium-Molybdenum) - A 0.5 p e r -  
c e n t  T i ,  0 .1  p e r c e n t  Z r ,  Mo based a l l o y ,  similar t o  t h e  more 
common Mo-0.5 T i ,  b u t  having grea te r  h o t  s t r e n g t h  and a h?igher 
r e c r y s t a l l i z a t i o n  Cemperature.  E l e v a t e d  t e m p e r a t u r e  s t r e n g t h  
i s  brought  abou t  by a combinat ion of s t r a i n  h a r d e n i n g  arid p r e -  
c i p i t a t i o n  o f  complex c a r b i d e s  c a u s i n g  d i s p e r s i o n  h a r d e n i n g .  
The TZM bar s t o c k  was furr i ished i n  the s t ress  r e l i e v e d  c o n d i -  
t i o n  by r e h e a t i n g  above t h e  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e  to 
2250°F f o r  one -ha l f  h o u r .  
v i d e d  a f t e r  machin ing .  
No f u r t h e r  hea t  t r e a t m e n t  was p r o -  
H Y D R O N A U T I C S ,  I n c o r p o r a t e d  
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( d )  T-222 (Ta-1OW-2.5 H f )  - T h i s  i s  a t a n t a l u m  based  
a l l o y  s i m i l a r  t o  T - 1 1 1  (Ta-8W-2Hf) b u t  i t  e x h i b i t s  s u p e r i o r  
s t r e n g t h  from approx ima te ly  2000 F to 3500 F. 
i t s  d u c t i l i t y  f o r  e a s y  forming and a l s o  has e x c e l l e n t  c o r r o s i o n  
r e s i s t a n c e ,  p r o b a b l y  due to t h e  p r e s e n c e  of  hafnium c a r b i d e s .  
The mater ia l  was r e c e i v e d  from the  m a n u f a c t u r e r  i n  t h e  s t ress  
r e l i e v e d  and annea led  c o n d i t i o n  by vacuum a n n e a l i n g  i n  a t u n g s t e n  
e lement  f u r n a c e  f o r  one hour  a t  2200 F. N o  f u r t h e r  heat  t r e a t -  
ment was provided  a f t e r  machining t h e  spec imens .  
0 0 
The a l l o y  r e t a i n s  
0 
( e )  C b - 1 3 2 M  - T h i s  columbium based  a l l o y  i s  mod i f i ed  
w i t h  r e a c t i v e  m e t a l s  such  as hafnium o r  z i r con ium t o  minimize 
a l k a l i  metal c o r r o s i o n  a t t a c k .  T h i s  p a r t i c u l a r  a l l o y  was f u r -  
n i s h e d  a long  w i t h  p r e l i m f n a r y  i n f o r m a t i o n  on i t s  p r o p e r t i e s ,  by 
N A S A .  The f a b r i c a t i o n  h i s t o r y  and heat  t r e a t m e n t  data were n o t  
a v a i l a b l e  f o r  t h e  specimens t e s t e d .  
Though a l l  t h e s e  f i v e  m e t a l s  were t e s t e d  f o r  t h e i r  c a v i t a -  
t i o n  damage r e s i s t a n e e ,  on ly  316 s t a i n l e s s  s t e e l  and TZM were 
s e l e c t e d  f o r  h igh  f r equency  f a t i g u e  and s t ress  c o r r o s i o n  t e s t s  
a t  1000°F and a t  1500°F. 
compos i t ions  of  t h e  t e s t  metals u s e d .  
Tab le  3 c o n t a i n s  t h e  nominal  chemica l  
V. RESULTS AND A N A L Y S I S  
1. C a v i t a t i o n  Damage R e s i s t a n c e  T e s t s  
E f f e c t  of T e s t i n g  T ime  on t h e  Ra te  of  C a v i t a t i o n  Damage -\ 
U n t i l  r e c e n t l y  i t  has been  t h e  g e n e r a l  p r a e f i c e  to 
t e s t  a l l  m a t e r i a l s  o v e r  a n  a r b i t r a r i l y  s e l e c t e d  cons t a r i t  d u r a -  
t i o n ,  and t o  compare t h e  cumula t ive  damage as a n  i n d i c a L i o n  of 
, 
~ 
HYDF.OWAT_TTT CS I n c o r p o r a t e d  
1 -  
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t h e  c a v i t a t i o n  damage r e s i s t a n c e .  However, i t  i s  now known 
t h a t  t h e  ra te  of damage i s  t i m e  dependent  ( R e f e r e n c e s  16,9,17) 
and t h i s  r e l a t i o n s h i p  can be d i v i d e d  i n t o  f o u r  d i f f e r e n t  zones  
o f  damage: 
( a )  I n c u b a t i o n  zone - The i n c u b a t i o n  zone has been  
d e f i n e d  as t h e  time d u r i n g  which " l i t t l e "  o r  no  weight loss 
o c c u r s ,  
( b )  Accumulation zone - After  incuba t . i on ,  t h e  mate- 
r i a l  s t a r t s  a b s o r b i n g  more and more ene rgy  g i v i n g  r i s e  t o  i n -  
c r e a s e d  f r a c t u r e  and weight  loss .  
( e )  A t t e n t u a t f o n  zone - The ra te  o f  damage r e a c h e s  
a peak  i n  t h e  accumula t ion  zone and t h e n  b e g i n s  t o  d e c l i n e .  
The b e g i n n i n g  of  t h i s  zone i s  c h a r a c t e r i z e d  by i s o l a t e d  deep 
c r a t e r s .  
( d )  S t eady  s t a t e  zone - The zone i n  which t h e  r a t e  
o f  weight loss r e a c h e s  a c o n s t a n t  v a l u e  a f t e r  d e c l i n i n g  i n  t h e  
a t t e n u a t i o n  zone .  I n  t h i s  zone t h e  c a v i t a t i o n  damage ra te  i s  
obse rved  t o  be t i m e  independent  and t h u s  f a r  i t  i s  i n  t h i s  zone 
t h a t  tne most s u c c e s s f u l  c o r r e l a t i o n s  of c a v i t a t i o n  damage w i t h  
material  p a r a m e t e r s  have been made. 
The e x i s t e n c e  of  t h e s e  zones have been  conf i rmed f o r  s e v e r a l  
metals and i n  v a r i o u s  l i q u i d  envi ronments  (Refe rence  1 7 ) .  
To make a mean ingfu l  comparison of the per formance  of t h e  
f i v e  metals t e s t e d  under  t h i s  program, t h e  r e l a t i o n s h i p  between 
t h e  t e s t  d u r a t i o n  and t h e  r a t e  o f  damage were o b t a i n e d  and are 
HYDRONAUTI CS, I nc orp  o r a t e d  
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0 shown i n  F i g u r e s  7 th rough  11 a t  400 F. Each d a t a  p o i n t  r e p r e -  
s e n t s  one measurement of weight  loss. A summarized p r e s e n t a t i o n  
i n  F i g u r e  1 2  r e v e a l s  t h e  importar,ce of knowing such  r e l a t i o n -  
s h i p s  f o r  t h e s e  m e t a l s .  While  T - 2 2 2  r e q u i r e s  f o u r t e e n  h o u r s  
t o  r e a c h  s t eady  s t a t e ,  TZM r e a c h e s  t h a t  zone i n  on ly  f o u r  h o u r s .  
Although the  s t e a d y  s t a t e  damage r a t e s  a r e  comparable f o r  316 
s t a i n l e s s  s t e e l  and f o r  TZM, t h e  i n i t i a l  r a t e s  of damage f o r  TZM 
a re  markedly h i g h e r .  
The f a c t  t h a t  t h e  cu rves  i n  F i g u r e  1 2  cross e a c n  o t h e r  i n -  
d i c a t e s  t ha t  e a c h  one o f  t h e  f i v e  metals t e s t e d  e x h i b i t s  i t s  
own c h a r a c t e r i s t i c  r e s p o n s e .  An e x p l a n a t i o n  of  t h e s e  s p e c i f i c  
r e s p o n s e  c h a r a c t e r i s t i c s  i n  t h e  f i r s t  two zones  i s  c o n s i d e r e d  
p o s s i b l e  through b e t t e r  u n d e r s t a n d i n g  of  t h e  b e h a v i o r  of  t h e s e  
metals a t  h igh  r a t e s  of s t r a i r J n g  a t  e l e v a t e d  t e m p e r a t u r e s  and 
of  t h e  p r o c e s s  of energy  accumula t ion  d u r i n g  I-epeated l o a d i n g  
An unde r s t and ing  of t h e  t n i r d  zone of damage, t h e  a t t e n u a t i o n  
zone ( c h a r a c t e r i z e d  by t n e  f o r m a t i o n  of  i s o l a t e d  deep c r a t e r s )  
is r e l a t e d  t o  t h e  s u r f a c e  roughness  of t n e  mater ia l  which i n  
t u r r ,  a f f e c t s  t h e  hydroeynamics of  bubb le  c o l l a p s e  ( R e f e r e n c e  9 ) .  
T h i s  view i s  s u p p o r t e d  by some r e c e n t  e x p e r i m e n t a l  e v i d e c c e  
i n d i c a t i n g  that  a r t i f i c i a l  roughr,ess s i m u l a t i n g  c a v i t a t - l o n  dam- 
age  w i l l  e l i m i n a t e  o r  r educe  t h e  peak  i n  t h e  t r a n s i t i o n  T O  t h e  
s t e a d y  s t a t e  zone (Refe rence  1 7 ) .  More d e t a i l e d  i n v e s t i g a t i o n s  
a r e  r e q u i r e d  t o  r e s o l v e  t h e s e  a s p e c t s  of t h e  damage r a t e  b e h a v i o r .  
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R e l a t i v e  C a v i t a t i o n  Damage R e s i s t a n c e  of R e f r a c t o r y  Al loys  
I n  t h e  s t e a d y  s t a t e  zone where damage r a t e  i s  i n d e -  
pendent  of  t e s t i n g  t i m e ,  t h e  f i v e  metals tes ted  a t  400°F may 
be p l a c e d  i n  t h e  f o l l o w i n g  o r d e r  o f  mer i t  s t a r t i n g  from t h e  
b e s t :  
a .  S t e l l i t e  6B 
b .  Cb-132M 
C .  T-222 
d .  TZM 
e .  316 s t a i n l e s s  s t e e l  
F f g u r e  13 shows t h e  c a v i t a t i o n  damage r e s i s t a n c e  of t h e  f i v e  a l -  
l o y s  i n  sodium a t  1000°F and a t  1500°F. 
g r a p h s  of t ,he  c a v i t a t i o r r  damage p a t t e r n  i n  t h e  s t e a d y  s t a t e  zone* 
a f t e r  exposure  t o  1500 sodium. 
F i g u r e  1 4  shows pho to -  
0 
0 It shou ld  be no ted  t h a t  t h e  expe r imen t s  a t  1000 F and a t  
0 1500 F were conducted  w i t h  t h e  same specimens t h a t  were used t o  
o b t a i n  t ne  s t e a d y  s t a t e  zone a t  400 F sodium. 
was adopted  because  t h e  r e l a t i v e l y  lower pates of damage ob- 
s e r v e d  a t  h i g h e r  t empera tu re  (as d i s c u s s e d  s u b s e q u e n t l y  i n  t h i s  
r e p o r t  ) would r e q u i r e  i n o r d i n a t e l y  long  t e s t i n g  p e r i o d s  t o  
a c h i e v e  damage i n  t h e  s t e a d y  s t a t e  z o n e ,  Some i n i t i a l  e x p e r i -  
ments  r e p o r t e d  i n  Reference  5 skowed t h a t  only s u r f a c e  i n d e n -  
t a t i o n s  cou ld  b e  observed  on 316 s t a i n l e s s  steel a t  1000 F e-den 
a f t e r  25 hours  of  t e s t i n g .  However, t h e  use  of specimens p r e -  
p a r e d  i n  t h e  s t e a d y  state zone a t  anoth .e r  t e m p e r a t u r e  was 
0 
T h i s  p r o c e d u r e  
0 
* S t e l l i t e  -6E d i d  R o t  r each  t h e  s t e a d y  s t a t e  zone .  
HYDRO N A U T I  CS , I n c  orp  o r a t e d  
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cons ide red  v a l i d  i n  view of t h e  f a c t  t h a t  p r e v i o u s  data had 
shown tha t  specimens p repa red  i n  t h e  s t e a d y  zone a t  one i n t e n -  
s i t y  ( a m p l i t u d e )  con t inued  t o  damage a t  a c o n s t a n t  b u t  d i f f e r -  
e n t  r a t e  a t  a n o t h e r  t empera tu re  (9). 
E f f e c t  o f  Es t imated  S t r a i n  Energy 
There have been many a t t e m p t s  i n  t h e  p a s t  t o  c o r r e -  
l a t e  t h e  mechanical  p r o p e r t i e s  of t h e  t e s t  m a t e r i a l  w i t h  c a v i -  
t a t i o n  damage. One can g e t  a c l e a r  p i c t u r e  of  t h e  c o n t r o v e r s i e s  
e x i s t i n g  i n  t h i s  area from t h e  review a r t i c l e s  i n  t h e  t e c h n i c a l  
l i t e r a t u r e  ( e . g . ,  Reference  18) .  Recent  e f f o r t s  t o  c o r r e l a t e  
c a v i t a t i o n  damage r e s i s t a n c e  w i t h  t h e  s t r a i n  energy  of  t h e  mate-  
r i a l  (area of t h e  e n g i n e e r i n g  s t r e s s - s t r a i n  d iagram from a 
s imple  t e n s i l e  t e s t )  have o f f e r e d  some promise (Refe rences  19,20) 
From t h e  beginning,  t h e s e  e f f o r t s  have been handicapped by t h e  
l a c k  of  a c t u a l  s t r e s s - s t r a i n  i n f o r m a t i o n  even f o r  t e s t s  a t  room 
t e m p e r a t u r e .  A t  h i g h e r  t e m p e r a t u r e s ,  t h e  a t t e m p t s  t o  o b t a i n  
a c t u a l  s t r a i n  e n e r g i e s  become much more d i f f i c u l t .  However, t h e  
t y p i c a l  v a l u e s  of  u l t i m a t e  t e n s i l e  s t r e n g t h ,  y i e l d  s t r e n g t n  and 
u l t i m a t e  e l o n g a t i o n  can be o b t a i n e d  from p u b l i s h e d  l i t e r a t u r e  
as a f u n c t i o n  of  t empera tu re  and c a n  be  used t o  e s t i m a t e  t h e  
magnitude of s t r a i n  energy  by t h e  use  of  t h e  f o l l o w i n g  a p p r o x i -  
mate r e l a t i o n s h i p  (Reference  20) : 
I 
&LAc 
2 s =  e I: 91 
I . 
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where 
Y i s  t h e  y i e l d  s t r e n g t h ,  
T i s  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  and 
c i s  t h e  u l t i m a t e  e l o n g a t i o n .  
Such est imated v a l u e s  o f  s t r a i n  ene rgy  were used i n  a n  
e a r l i e r  i n v e s t i g a t i o n ,  wherein t he  oxide  l e v e l  o f  t h e  l i q u i d  
sodium was b e l i e v e d  t o  be  n e a r  s a t u r a t i o n  a t  400 F.  The c o r r e -  
l a t i o n  o b t a i n e d  a t  400°F i s  shown i n  F i g u r e  15 (Refe rence  2 1 ) .  
S i m i l a r  estimates of s t r a i n  e n e r g y  as a f u n c t i o n  of t e m p e r a t u r e  
were made f o r  t he  f i v e  a l l o y s  t e s t e d  under  t h i s  program and are 
shown i n  F i g u r e  16* (Refe rence  5 ) .  The r e l a t i o n s h i p  between t h e  
es t imated  s t r a i n  ene rgy  and t h e  r e c i p r o c a l  o f  r a t e  o f  volume 
loss a t  1000°F i s  shown i n  F i g u r e  17. 
0 
The data  f o r  S t e l l i t e  6B i s  n o t  p l o t t e d  i n  F i g u r e  17 s i n c e  
i t  was n o t  tes ted i n  t h e  s t e a d y  s t a t e  zone .  Cons ide r ing  t h e  
f a c t  t h a t  t h e  v a l u e s  of mechanica l  p r o p e r t i e s  a re  on ly  t y p i c a l  
v a l u e s  r e p o r t e d  i n  the  l i t e r a t u r e  ar,d that  t h e y  may v a r y  from 
hea t  t o  heat and thermal  t reatments**,  t h e  r e s u l t s  i n  F i g -  
u r e  17 g e n e r a l l y  conf i rm t h e  e a r l f e r  f i n d i n g s  t h a t  t h e  energy  
a b s o r p t i o n  c h a r a c t e r i s t i c s  of  metals d u r i n g  f r a c t u r e  r e p r e s e n t  
t h e i r  c a v i t a t i o n  damage r e s i s t a n c e .  
* Cb-132M data are  n o t  a v a i l a b l e  f o r  p u b l i c a t i o n ,  
** I n  f a c t  t h e  s t r a i n  energy of TZM as estimated was based on 
t h e  s h o r t  t i m e  t e n s i l e  s t r e n g t h  of t h e  r e c r y s t a l l i z e d  mate- 
r i a l .  The s h o r t  time t e n s i l e  s t r e n g t h  of s t r e s s - r e l i e v e d ,  
a s - r o l l e d  TZM I s  30 p e r c e n t  lower  t h a n  t h a t  of t h e  r e -  
c r y s t a l l i z e d  form. 
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Recent  expe r imen t s  by Young and J o h n s t o n  ( 2 2 )  a l -  bo  can-  
f i r m  t h e  c o r r e l a t i o n  between c a v i t a t i o n  damage r e s i s t a r , c e  and 
t h e  s t r a i n  energy  of t h e  m a t e r i a l  e s t i m a t e d  approx ima te ly  by 
Equa t ion  [91. However, t h e y  u n d e r r a t e  t h e  s i g n i f i c a n c e  of  
s t r a i n  energy because  data  on S t e l l i t e  6B does  not f i t  i n t o  
t h i s  c o r r e l a t i o n .  However, t h e  a p p a r e n t  anomalous b e h a v i o r  of 
S t e l l i t e  can be e x p l a i n e d  by c o n s i d e r i n g  t h e  f o l l o w i n g  f a c t s .  
1. S t e l i i t e  6B h.as  n o t  r eached  t h e  s t e a d y  s t a t e  i n  
e i t h e r  exper iment ,  arzd t h e r e f o r e  t h e  r a t e  of  damage could  be 
much h i g h e r  i n  t h e  s t e a d y  s t a t e .  
2, The weight  loss measurements o f  t h e  o r d e r  of 
0 . 1  m i l l i g r a m s  i n  a t y p i c a l  30 minute  t e s t  r u n  on S t e l l i t e  a re  
u n r e l i a b l e  a t  the i n t e n s i t y  of  damage o b t a i n e d  w i t h  a magneto- 
s t r i c t i o n  d e v i c e .  I n  o u r  expe r imen t s ,  i t  was sometimes n o t i c e d  
tnat  a n  i n c r e a s e  i n  weight  of t h e  specimen o c c u r r e d ,  presumably  
due t o  m o i s t u r e  accumula t ion  d u r i n g  we igh ing .  
3 .  The e s t i m a t e d  s t ra i r ,  e n e r g y  v a l u e  may be much 
lower t n a n  t h e  a c t u a l  area of t h e  s t r e s s - s t r a i n  d i ag ram.  'This 
is because  Equa t ion  [gl assumes t h e  s t r e s s - s t r a i n  d i ag ram to be 
a t r a p e z i u m  whereas t h e  a c t u a l  shape cou ld  be c o n s i d e r a b l y  d i f -  
f e r e n t  depending upon t h e  m a t e r i a l  and t e m p e r a t u r e  of  t h e  t e s t .  
I n  s p i t e  o f  t n e  above d i s c r e p a n c y  o f  S t e l l i t e ,  t h e  data  
of Young and J o h n s t o n  i n  g e n e r a l  shows a good c o r r e l a t i o n  N i t h  
s t r a i n  energy ,  a n d  t h e  s i g n i f i c a n c e  and u s e f u l n e s s  o f  th i s  
c o r r e l a t i n g  pa rame te r  shou ld  n o t  be o v e r l o o k e d .  Much more 
d e t a i l e d  and i n t e n s i v e  i n v e s t i g a t i o n s  a re  n e c e s s a r y  f o r  
HYDIOMAUTI CS , I r ~ e  c?rp Gra ted  
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conf i rming  these r e l a t i v e l y  l i m i t e d  r e s u l t s ,  The need f o r  r e -  
l i a b l e  mechanica l  p r o p e r t i e s  a t  t hese  t e m p e r a t u r e s  and a t  these  
h i g h  s t r a i n  ra tes  i s  o f  paramount impor t ance .  
I n t e n s i t y  o f  C a v i t a t i o n  Damage 
One o f  t h e  u s e f u l  r e s u l t s  of t h i s  c o r r e l a t i o n  i s  t h e  
j u s t i f i c a t i o n  f o r  t h e  use  of t h e  s t r a i n  ene rgy  (as estimated i n  
t h i s  r e p o r t )  i n  c a l c u l a t i n g  t h e  i n t e n s i t y  of  c a v i t a t i o n  damage. 
T h i s  i n t e n s i t y  has been  d e f i n e d  as t h e  power abso rbed  p e r  u n i t  
area of t h e  mater ia l  (Reference  16) and i s  g i v e n  by 
where 
I 
i 
e S 
t 
The e s t  
ise 
I = -  
t 
i s  t h e  i n t e n s i t y  of  c a v i t a t i o n  damage, 
i s  t h e  ave rage  d e p t h  o f  e r o s i o n ,  
i s  t h e  s t r a i n  energy  of  t h e  mater ia l ,  and 
i s  the d u r a t i o n  o f  e r o s i o n .  
I: 101 
mat ion  o f  t h i s  i n t e n s i t y  p a r a m e t e r  would be  p a r -  
t i c u l a r l y  u s e f u l  for t h e  case  of f u l l  s c a l e  machines such  as 
l i q u i d  metal pumps s i n c e  any o p e r a t i n g  e x p e r i e n c e  can  be ana -  
l y z e d  i n  a q u a n t i t a t i v e  manner. A nomogram, c a l l e d  c a v i t a -  
t i o n  damage i n t e n s i t y  e s t i m a t o r ,  has been  p r e p a r e d  u s i n g  Equa- 
t i o n  [lo] f o r  u s e  i n  low t e m p e r a t u r e  l i q u i d s  such  as water 
( R e f e r e n c e  23 ) .  A similar nonogram may be useful f o r  h i g h  
t e m p e r a t u r e  l i q u i d  metals as w e l l ,  once t h e  v a l i d i t y  of  t h e  
s t r a i n  ene rgy  c o r r e l a t i o n  i s  p roved .  
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E f f e c t  of L i s u i d  Sodlum TemDerature on C a v i t a t i o r i  Darnage 
9ne of t h e  b a s i c  p a r a m e t e r s  i n  t h e  s t u d y  of  c a v i t a -  
t i o n  damage i n  l i q u i d  m e t a l s  i s  t h e  t e m p e r a t u r e  of th.e l i q u i d  
m e t a l .  Using a 316 s t a i n l e s s  s t e e l  specimen t h a t  had r eached  
t h e  s t e a d y  s t a t e  a t  one t empera tu re ,  a s e r i e s  of expe r imen t s  
were conducted i n  t h e  d r y  box ove r  a r a n g e  of  t e m p e r a t u r e s  
between 300°F t o  1500°F, a t  100°F i n t e r v a l s ,  i n  o r d e r  to d e t e r -  
mine t h e  v a r i a t i o n  of  t h e  r a t e  of c a v i t a t f o n  damage w l t n  t h e  
t e m p e r a t u r e  o f  t h e  sodium (Refe rence  6 ) .  The d u r a t i o n  of each  
expe r imen t  was one nour  and t k e  r e s u l t s  of  t h e s e  expe r imen t s  
a re  shown i n  F i u g r e  18. 
of t h e  o r d e r  of a hundred th  of  a m i l l i g r a m  p e r  nour  as conpared 
t o  16 mg/nour a t  400°F. 
The r a t e  of weignt  l o s s  a t  1500°F i s  
A minimum of  t h r e e  r e a d i n g s  were t a k e n  a t  each  t e m p e r a t w e  
i n  o r d e r  t o  check t h e  r e p r o d u c i b i l i t y  of  t h e  d a t a .  The p r e -  
c a u t i o n s  for o b t a i n i n g  h i g h  p u r i t y  sodium were observed  t h r o u g h -  
o u t  t h e s e  expe r imeu t s .  
The i n t e n s i t y  of  c a v i t a t i o n  danage was computed u s i n g  t h e  
weight  l o s s  d a t a  shown ir; F i g u r e  18 and t h e  e s t i m a t e d  s t r a i n  
ene rgy  v a l u e s  d i s c u s s e d  e a r l i e r  (See also T a b l e  2 ) .  F i g u r e  19 
sPLows t h e  e f f e c t  of t e m p e r a t u r e  of  l i q u f d  sodium ori t h e  i n t e n -  
s i t y  of c a v i t a t i o n  damage. To  o b t a i n  a r e l a t i v e  i dea  of t h e  
o r d e r  of magrdtude of t h e  d e c r e a s e  i n  i n t e n s i t y  a t  h i g h e r  t e m -  
p e r a t u r e s ,  t he  r e l a t i v e  I n t e n s i t y  w i t h  r e s p e c t  to t h e  i R t e n s i t y  
a t  400 F i s  p l o t t e d  i n  F i g u r e  20 as a f u n c t i o n  of  t e m p e r a t u r e .  0 
HYDRONAUTICS, I n c o r p o r a t e d  
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The e f f e c t  of l i q u i d  t empera tu re  on c a v i t a t i o n  damage has 
been  t h e  s u b j e c t  o f  i n v e s t i g a t i o n s  s i n c e  1937 ( 2 4 ) .  Tne r e l a -  
t i v e  r o l e  of  t h e  l i q u i d  p r o p e r t i e s  t h a t  g i v e  r i s e  t o  t h e  i n -  
c r e a s e  i n  damage w i t h  t empera tu re  n e a r  t h e  m e l t i n g  p o i n t  o f  
l i q u i d  and t o  t h e  d e c r e a s e  i n  damage w i t h  i n c r e a s i n g  tempera-  
t u r e  n e a r  abou t  t h e  b o i l i n g  p o i n t  of  t h e  l i q u i d  has  been  a 
s u b j e c t  of  s p e c u l a t i o n  s i n c e  t h a t  t i m e .  It i s  a l s o  n o t  c l e a r  
why t h e r e  i s  so  much d i f f e r e n c e  i n  damage ra tes  from l i q u i d  to 
l i q u i d ,  p a r t i c u l a r l y  t h e  damage ra tes  i n  hydrocarbon l i q u i d s ,  
which a re  a b o u t  a t e n t h  o f  t h a t  i n  water.  Schumb, P e t e r s  and 
M i l l i g a n  ( 2 4 )  r e a l i z e d  t h a t  t h e  i n c r e a s e  i n  damage r a t e  w i t h  
t e m p e r a t u r e  i s  most p robab ly  due t o  d e c r e a s e  i n  s o l u b i l i t y  o f  
t h e  gases. They a l s o  reasoned  t h a t  a t  h i g h e r  t e m p e r a t u r e s  
t h e  vapor  of t he  l i q u i d  i t s e l f  would a c t  as permanent gas, t h e r e -  
by c u s h i o n i n g  o u t  t h e  bubble c o l l a p s e  e n e r g y .  Recen t ly ,  Bebchuk 
and  Rozenberg (25) showed t h a t  t h e  s o l u b i l i t y  of gases i n  t h e  
l i q u i d  i s  one of t h e  most impor t an t  p a r a m e t e r s  c o n t r o l l i n g  
damage. By i n c r e a s i n g  t h e  s o l u b i l i t y  of g a s e s  i n  water e q u a l  
t o  t h a t  found i n  e t h y l  a l c o h o l ,  t h e y  o b t a i n e d  t h e  same o r d e r  
o f  magni tude of  damage i n  b o t h  l i q u i d s ,  
g a v e  a n  e m p i r i c a l  f a c t o r ,  D which behaves i n  t h e  same manner 
as t h e  damage observed  i n  water a t  v a r i o u s  t e m p e r a t u r e s .  
Devine and P l e s s e t  (26)  
c 111 
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where 
P V P j  - vapor  p r e s s u r e  a t  ariy t e m p e r a t u r e  T 
~ ~ ( 1 0 0 )  - vapor  p r e s s u r e  a t  100 c 
c s ( o )  - c o n c e n t r a t i o n  of d i s s o l v e d  a i r  a t  0 C 
CJT) - c o n c e n t r a t f o n  a t  any t e m p e r a t u r e  T .  
0 
0 
More r e c e n t l y  L e i t h  ( 2 7 )  a l s o  d e v i s e d  a n  e m p i r i c a l  fo rmula  f o r  
p r e d i c t i n g  damage i n  v a r f o u s  l i q u i d s  a t  v a r i o u s  t e m p e r a t u r e s  as 
f o l l o w s  . 
r 10 
[: 121 
where 
W - weight  loss 
F - d e n s i t y  
v - v i s c o s i t y  
0 - s k r f a c e  t e n s i o n  
P - vapor  p r e s s u r e  
P - a tmospner i c  p r e s s u r e  a 
S u b s c r i p t s  w and & s t a n d  f o r  w a t e r  and any a l k a l i  l i q u i d  metal  
PeSpeCtlVely,  k i t h  a p p a r e n I l y  a r r i v e d  a t  t h i s  e m p i r i c a l  r e l a -  
t i o n s h i p  by f i t t i n g  t h e  da t a  he o b t a i n e d  f o r  w a t e r ,  sodium- 
p o t a s s i u m  a l l o y  and g a s o l i f i e ,  The b a s i c  weakness w i t h  this a p -  
p roach  i s  t h a t  i t  is not, based  on any p h y s i c a l  mear,ing t o  t h e  
EIYDF.OT\TA-T_TTIC:S I n c o r p o r a t e d  
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f u n c t i o n  of  each  of t h e  p r o p e r t i e s  i n c l u d e d  i _ r ,  t k i s  fo rmula .  
I n  o u r  view, two i m p o r t a n t  pa rame te r s  c o n t r o l l i n g  t h e  dynamics 
of  bubble  c o l l a p s e  are  o m i t t e d .  They are 
1. The v e l o c i t y  of  sound i n  t he  l i q u i d  
2 .  The s o l u b i l i t y  of gases i n  t h e  l i q u i d .  
I n  t h e  expe r imen t s  w i t h  m a g n e t o s t r i c t i o r .  c s c i l l a t o r s  ( f rom which 
L e i t h  o b t a i n e d  t h e  da t a ) ,  t h e  p r e s s u r e  a m p l i t u d e  i s  o f  the o r d e r  
of  p C U (28 )  where F i s  the  d e n s i t y  o f  t h e  l i q b i d ,  C i s  t h e  
v e l o c i t y  sound i n  t h e  l i q u i d  and U i s  t h e  maximum v e l o c i t y  of 
t h e  t e s t  specimen i n  t h e  l i q u i d .  
i s  caused by t h i s  p r e s s u r e  f i e l d  which i s  p r o p o r t i o n a l  to t h e  
v e l o c i t y  o f  sound i n  t h e  l i q u i d .  S i m i l a r l y  t h e  s o l u b i l i t y  of  
gas i n  t h e  l i q u i d  i s  v e r y  impor t an t  s i n c e  i t  c o n t r o l s  t h e  damp- 
i n g  of  bubble  c o l l a p s e  i n t e n s i t y .  The omiss ion  of  t hese  two 
p a r a m e t e r s  i s  a v e r y  s e r i o m  drawback i n  u n d e r s t a n d i n g  t h e  e f -  
f e c t  of  t e m p e r a t u r e  on c a v i t a t i o n  damage. Fur thermore  t he  
changes  i n  mechan ica l  p r o p e r t i e s  of t h e  pa t e r i a l s  a t  v a r i o u s  
t e m p e r a t u r e s  are v e r y  impor t an t  i n  p r e d i c t i n g  weight l o s s  which 
Lei'ch i g n o r e s  comple t e ly  ~ 
4 4 0  t 4 
0 
The bubb le  growth  and c o l l a p s e  
T h e  above d i s c u s s i o n  p o i n t s  o u t  t h a t  t h e  p r e s e n t  under -  
s t a n d i n g  of t h e  r o l e  of -,7ariotis p r o p e r t i e s  of t5e l i q u i d s  a t  
v a r i o u s  t e m p e r a t u r e s  i s  only q u a l i t a t i v e ,  It i s  not p r e s e n t l y  
p o s s i b l e  t o  e x t r a p o l a t e  t h e  data  iri a q u a n t i t a s i v e  n a n c e r .  This 
developmerit m u s t  await a_vl unde r s t and iEg  of t h e  i n t e n s i z y  of  Sub- 
b l e  c o l l a p s e  and how i t  v a r i e s  w i t h  o t k e r  p a r a P e t e r s .  Eowizver 
t he  p r e s e n t  expe r imen t s  have snown t h a t  t h e  r e l a t i v e  i r l t e n a i t y  
HYDRO NAUTI  C S 'I ne o rp  o r a  t e d 
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0 -3 of  damage i n  l i q u i d  sodium a t  1500 F i s  of t h e  o r d e r  of 10 
as compared to 1 a t  400°F. 
E f f e c t  of Oxide Content  i n  Liquid  Sodium on C a v i t a t i o n  
Damage 
I n  t h i s  program t h e  e f f e c t  of ox ide  c o n t e n t  i n  t h e  
l i q u i d  sodium was i n v e s t i g a t e d  s i n c e  i t  i s  known t h a t  t h e  c o r -  
r o s i o n  r e s i s t a n c e  of c e r t a i n  r e f r a c t o r y  a l l o y s  i n  l i q u i d  m e t a l s  
ean  be dec reased  markedly w i t h  i n c r e a s i n g  ox ide  c o n t a m i n a t i o n  
(Refe rence  24)0 By d e l i b e r a t e l y  add ing  Na202 t o  t h e  h o t  l i q u i d  
sodium, t h e  O2 c o n t e n t  was i n c r e a s e d  to 100 ppn as compared t o  
t h e  p u r i t y  o f  -30 ppm ach.-EeJable i n  t % e  t e a t  f a c i l i t y ' !  Cavita- 
t i o n  damage t e s t s  on 316 s t a i n l e s s  s t e e l  arid on TZM were con- 
d u c t e d  a t  t h e  100 ppm 0 
r e s u l t s  of t h e s e  expe r imen t s  ( F i g u r e  13) show t h a t  t h i s  l e v e l  
of  ox ide  i m p u r i t y  does n o t  have any n o t i c e a b l e  e f f e e t  on t h e  
c a v i t a t i o n  damage r e s i s t a n c e  of t h e s e  two metals a t  t h e s e  two 
t e m p e r a t u r e s  d u r i n g  t h e  r e l a t i v e l y  s h o r t  t e s t i n g  t i m e ,  F u r t h e r  
work i s  n e c e s s a r y  to d e t e r m i n e  i f  h i g h e r  l e v e l s  of 0 eontarnina- 
t i o n  o r  l a r g e r  exposure  t i m e s  Rave a d e l e t e r i o u s  e f f e c t  on t h e  
c a v i t a t i o n  damage r e s i s t a n c e  of a g i v e n  ma te r i a l ,  
l e v e l  a t  1000°F arid a t  1500°F. The 2 
2 
* O r i g i n a l l y ,  s u f f i c i e n t  weight  p e r c e n t  of ox ide  was added t o  
i n c r e a s e  oxide  c o n t a m i n a t i o n  t o  200 ppm, However, i+, i s  b e -  
l i e v e d  that upon decomposi t ion  of t h e  N a  0 some ox ide  was 
t r a p p e d  i n  t h e  sodium vapor  above t h e  l i q u i d  l e v e l  i n  t h e  
c l o s e d  r e t o r t  
2 2  
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2. High Frequency F a t i g u e  T e s t s  
To unde r s t and  t h e  r e l a t i o n s h i p  between t h e  c a v i t a t i o n  dam- 
age r e s i s t a n c e  and t h e  envi ronmenta l  f a t i g u e  b e h a v i o r  of  metals, 
h i g h  f r equency  f a t i g u e  t e s t s  on 316 s t a i n l e s s  s t e e l  and TZM 
were conducted i n  l i q u i d  sodium a t  two t e m p e r a t u r e s  (1000 F and 
1500°F).  
been  d e s c r i b e d  i n  t h i s  r e p o r t .  The f a t i g u e  specimen was imnersed 
i n  l i q u i d  sodium a t  t h e  r e q u i r e d  t e m p e r a t u r e  and v i b r a t e d  a t  a 
s e l e c t e d  s t r e s s  l e v e l .  The t ime  f o r  f a i l u r e  was n o t e d .  The f r e -  
quency of v i b r a t i o n  was reco rded  by a f r equency  c o u n t e r  w h i l e  
t h e  s t r e s s  l e v e l  was monitored by means of a c a l i b r a t e d  v o i c e  
c o i l  whose s i n u s o i d a l  v o l t a g e  was d i s p l a y e d  on a n  o s c i l l o s c o p e .  
0 
The t e c h n i q u e  employed f o r  t h e s e  t e s t s  h a s  a l r e a d y  
E f f e c t  of  L iqu id  Sodium Temperature  on F a t i g u e  
F i g u r e s  21 through 24 show t h e  r e s u l t s  of t h e s e  
f a t i g u e  t e s t s  a t  two t e m p e r a t u r e s .  A s  expec ted ,  t h e  f a t i g u e  
s t r e n g t h  f o r  t h e  two m t a l s  t e s t e d  d e c r e a s e s  v e r y  much w i t h  i n -  
c r e a s i n g  t e m p e r a t u r e  While t h e  r e s u l t s  f o r  316 s t a i n l e s s  s t e e l  
are  v e r y  good, a l a r g e  s c a t t e r  of t h e  d a t a  f o r  TZM i s  obse rved .  
T h i s  can  p o s s i b l y  be accounted f o r  by ( a )  t h e  c o l d  working p r o p -  
e r t i e s ,  ( b )  t h e  p o s s i b i l i t y  of  machining i r r e g u l a r i t i e s  and 
( c )  t h e  r e l a t i v e  inhomogeneity of t h e  metal. 
were p r e p a r e d  from 1/2 i nch  d i a m e t e r  rod s t o c k  which was i n i -  
t i a l l y  s t r e s s  r e l i e v e d  f o r  l/'2 hour  a t  2250 F. However, no 
f u r t h e r  h e a t  t r e a t m e n t  was a p p l i e d  a f t e r  machinfng and p o l i s h i n g  
t h e  f a t i g u e  spec imens .  
The TZM specimens 
0 
-3 0- 
E f f e c t  o f  Frequericy OK F a t i g u e  
The p r e s e n t  f a t i g u e  t e s t s  were conducted a t  a f r e -  
quency o f  14  kcs  (near ly . )  which i s  t h e  same f r equency  u t i l i z e d  
f o r  c a v i t a t i o n  damage t e s t s  i n  o r d e r  to de te rmine  i f  strairi  
r a t e  e f f e c t s  a r e  predominant  under  t h i s  t y p e  of  dynamic l o a d i n g ,  
The r e s u l t s  of t h e s e  t e s t s  would be more u s e f u l  i f  some compari-  
s o n  cou ld  be made wi th  c o n v e n t i o n a l  f a t i g u e  t e s t s ,  Danek and 
Ach te r  (Reference  3 0 )  t e s t e d  316 s t a i n l e s s  s t e e l  a t  1500°F i n  
3 x torr vacuum by means of a s p e c i a l l y  c o n s t r u c t e d  f a t f g u e  
p a c h i n e .  They used b o t h  mechan ica l  d r i v e  ( o s c i l l a t i n g  permanent 
magnets )  and e l e c t r o m a g n e t i c  d r i v e  ( a l t e r n a t e  e x c i t a t i o n ) .  The 
f r equency  of t h e i r  t e s t  was o f  t h e  o r d e r  of 4 t o  5 cpa as com- 
pared  t o  t h e  14000 c p s  o f  t k e  p r e s e n t  e x p e r i m e n t s ,  F i g u r e  22 
shows t h e  d a t a  of Danek and Achter  as w e l l  as t h e  p r e s e n t  h i g h  
f r equency  f a t i g k e  da t a  i n  1500 F sodium a t  14090 c p s ,  It seems 
t h a t  t h e  s t r a i n  r a t e  e f f e c t s  a t  t r iese  t e m p e r a t u r e s  a re  no t  s i g -  
n i f i c a n t  a 
0 
E f f e c t  o f  Oxide Content  i n  Liquid  Sodium- on F a t i g u e  - 
F u r t h e r  f a t i g u e  expe r imen t s  were conducted  t o  eva lL-  
a t e  t h e  e f f e c t  of ox ide  c o n t e n t  i _ r ,  l i q u i d  sodium, All t h e  r e -  
s u l t s  d i s c u s s e d  e a r l i e r  were obtainec!  i n  sodium Wi tP  -30 ppm O2 
l e v e l  w h i l e  some o f  t h e  r e s u l t s  showri i n  F i g u r e s  21 t h r o u g k  24 
were ob ta ined  i n  l i q u i d  sodium w i t h  -100 ppm 0 l e v e l  a t  two 
t e m p e r a t u r e s .  As i s  e v i d e n t  from t h e s e  r e s u l t s ,  rlo p e r c e p t i b l e  
e f f e c t  was n o t i c e d  a t  this ox ide  l e v e l  for trie s h o r t  t e s t  d u r a -  
t i o n  employed. 
2 
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3 .  Stress Cor ros ion  T e s t s  
E f f e c t  o f  Temperature  of  Liquid  Sodium on S t r e s s  C o r r o s i o n  
The s t r e s s  c o r r o s i o n  specimens d e s c r i b e d  p r e v i o u s l y  
were t e s t e d  a t  approx ima te ly  50, 75 and up to n e a r  100 p e r c e n t  
y i e l d  f o r  316 s t a i n l e s s  s t e e l  and TZM and were immersed i n  
l i q u i d  sodium ( w i t h  ox ide  l e v e l s  of -30 ppm) a t  two tempera-  
t u r e s  (lOOO°F and 1 5 O O O F )  up t o  60 h o u r s .  The a r rangement  f o r  
t h e s e  tests i s  shown i n  F i g u r e  25. No s t r e s s  c o r r o s i o n  c r a c k s  
were observed even w i t h  a 20 power microscope  f o r  a l l  c a s e s .  
Obse rva t ions  were made a t  t h e  a x i s  of maximum f i b e r  s t r e s s  w i t h  
t h e  specimens r e s t r e s sed  to n e a r  100 p e r c e n t  y i e l d ,  
E f f e c t  o f  Oxide Conter-it i n  L i q u i d  Sodium on S t r e s s  
Cor ros ion  
The same expe r imen t s  were r e p e a t e d  i n  l i q u i d  sodium 
w i t h  a n  oxide  c o n t e n t  of -100 ppm. Even i n  t h f s  c a s e  no s t r e s s  
c o r r o s i o n  c r a c k i n g  was observed up t o  60 h o u r s .  F i g u r e s  26 and 
27 a re  photographs  of 316 s t a i n l e s s  s t e e l  and TZM specimens ex -  
posed a t  1500°F a t  n e a r  100 p e r c e n t  y i e l d  s t r e s s ,  
The r e s u l t s  of t h e  h i g h  f r equency  f a t i g u e  t e s t s  and the 
s t r e s s  c o r r o s i o n  t e s t s  f a i l e d  t o  show anomalous behav io r  of 
316 s ta in less  s t e e l  d e s p i t e  t h e  h i g h  r a t e s  o f  s t ra i r , ,  h i g h  s t a t i c  
s t r e s ses  o r  h i g h  o x i d e  c o n t a m i n a t i o n ,  These p r e l i m i n a r y  r e s u l t s  
i n d i c a t e  tkat t h e  s t r a i n  ene rgy  c o r r e l a t i n g  p a r a m e t e r  s u g g e s t e d  
need n o t  be modi f ied  f o r  316 s t a i n l e s s  s t e e l ,  I n  t h e  c a s e  of 
TZM a l l o y ,  no c o n c l u s i o n s  could  b e  d r a w n  f o r  t h e  f a t i g u e  t e s t s  
H Y D R O N A U T I C S  ~ Inco rpora t ed .  
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s i n c e  no  comparatfve da ta  were a v a i l a b l e  a t  low f r e q u e n c y .  How- 
e v e r ,  ox ide  eoi-itamination ir, b o t h  f a t i g u e  and stress c o r r o s i o r  
t e s t s  d i d  not a l t e r  i t s  b e h a v i o r .  
V I  C O N C L U S I O N S  
The f o l l o w i n g  c o n c l u s i o n s  may be drawn from t h e  r e s u l t s  o f  
t h e s e  i n v e s t i g a t i o n s :  
1. R e l a t i v e  c a v i t a t i o n  damage r e s i s t a g c e  e x h i b i t e d  
by t h e  f i v e  nlgtl t e m p e r a t u r e  a l l o y s  t e s t e d  i n  t h i s  program de-  
per,ds upon t n e  zone of damage i n  which t h e  comparison i s  made. 
2 .  Among t h e  metals t e s t e d ,  S t e l l i t e  6B seems t o  
p o s s e s s  t h e  b e s t  c a v i t a t i o n  damage r e s i s t a n c e  a l t h o u g h  t h e  r a t e  
of damage i n  t h e  s t e a d y  zone was n o t  d e t e r m i n e d ,  
3. The r a t e  of dartiage f o r  316 s t a i n l e s s  s t e e l  de -  
0 
c r e a s e s  w i t h  i n c r e a s i n g  t empera tu re  up t o  1500 F. 
4 .  A comparison betweer, tee f a t i g u e  data a t  4-5 cps  
0 
u s i n g  316 s t a i n l e s s  s t e e l  i n  3 x t o r r  vacuum a t  1500 F and 
t h e  f a t i g u e  data a t  14000 c p s  f o r  t h e  same meta l  ir l  1500 F 
l i q u i d  sodium shows l i t t l e  d e v i a t i o n  between t h e  two r e s u l t s ,  
Tkis  r e s u l t  seems t o  i n d i c a t e  t k e  absence  of  s t r a i n  ra te  e f f e c t s  
and  c o r r o s i o n  f a t i g u e  e f f e c t s  i n  t h e  p r e s e n t  f a t i g u e  t e s t s  f o r  
316 s t a i n l e s s  s t e e l  i n  l i q u i d  s o d i m .  
0 
5. The s t ress  c o r r o s i o n  t e s t s  ( c o r d t a n t  s t r a i n )  or- 
316, s t a i n l e s s  s t e e l  and on TZM a t  1000°F and 1500 F i n  l t q u i d  
soeiurn up t o  a s t r e s s  o f  100 p e r c e n t  y i e l d  d i d  not, show any 
c r a c k i n g  o v e r  a t e s t  p e r i o d  of 60 h o u r s .  
0 
I -  
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6.  Over t h e  s h o r t  t e s t  p e r i o d  used ,  arl i n c r e a s e  fn 
oxide  c o n t e n t  i n  l i q u i d  sodium from -35 ppm t o  -100 ppm does 
no t  e s s e n t i a l l y  change t h e  high f requency  f a t i g u e  o r  Stress 
c o r r o s i o n  p r o p e r t i e s  of 316 s t a i n l e s s  s t e e l  o r  of TZM a t  
1000°F and a t  1500'F. 
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FIGURE 2 - BLOCK DIAGRAM OF THE MAGNETOSTRICTION APPARATUS USED 
FOR CAVITATION DAMAGE TESTS AND FOR HIGH FREQUENCY 
FATIGUE TESTS 
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FIGURE 3 - BASIC PRINCIPLE OF HIGH FREQUENCY FATIGUE SPECIMEN DESIGN 
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NOTE: 
1 .  
. 
GROOVE (DETAIL "A") IS TO BE SMOOTH, FREE FROM CHATTER 
TOOL MARKS, GROOVES OR OTHER DISCONTINUITIES. THE 
DIMENSIONS OF THE GROOVE MUST BE IDENTICAL FOR ALL 
SPECIMENS IN A LOT *.001 AS MEASURED WITH AN OPTICAL 
COMPARATOR. 
2. FINISH IN GROOVE W O R  BETTER. 
3. DIMENSION "A"=tlALF WAVE LENGTH OF SOUND. 
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FIGURE 4 - HIGH FREQUENCY FATIGUE SPECIMEN 
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FIGURE 5 - SPLIT RING STRESS CORROSION SPECIMEN 
HYDRONAUTICS, INCORPORATED 
SdlN - SS3tllS 
.- 
u) a. 
0 0 
In U 
0 
u) 
0 
N 
I 
n 
- e  *- 
= e  
c n o  Q w  
w s  
Z I -  
w 
O I  
0 - 
I I 
In 
m 
m 
w 
oi 
I- 
m 
2 v 
I 
9 
SaNnOd NI aW01 = d 
HYDRZNAUTICS, INCORPORATED 
0 
In 
0 0 - 0 8 N 0 e 
iq/sbur 'SSOl  IH913M JO 31Wtl 
HYDRONAUTICS, !NCORPORATED 
I 
LL 0 
0 z 
- E o  
I 
0 0 
0 a0 - 
-1 0 
I 
0 /  
/ 
-/-0 
6 ’ I  
0 
d- 
0 
cv 
z 
0 
c1! 
LL 
(3 W z 
I- E - 
b z  
P o  
- 
I- 
VI 
w 
I- 
LL 
0 
I- 
W 
LL 
LL 
W 
I 
a3 
W 
ci 
W 
3 
0 - 
L 
HYDRONAUTICS, INCORPORATED 
I -  
O 
W 
0 
0 
in 
in 
3 
0 
I 
w 
I 
I- 
c3 
2 
I- 
a 
W 
I- 
a 
- 
- 
- 
hl 
hl 
hl 
I 
I- 
U 
0 
t3 
3 
6 n 
Z 
0 - 
I- 
2 - > 
6 
U 
0 
a 
f 
LL 
PL 
W 
Z 
0 
5 -
I- 
(3 
Z - 
I- 
IA 
W 
I- 
8 
I- 
W 
U 
U 
W 
I 
OI 
W 
PL 
V 
3 
(3 - 
U 
HYDRONAUTICS, INCORPORATED 
0 
ln 
HYCRONAUTICS, INCORPORATED 
v) I- 
w 
I- Z 
O 
2 -
c 
a 
Z - 
I- 
v, 
W c 
8 
I- 
W 
LL 
LL 
W 
I 
U 
- 
7 
W 
ni 
3 
(3 - 
LL 
HYDRONAUTICS, INCORPORATED . 
LI 
9 w 
I 
b 
0 
t 
I 
W 
3 s a 
a 
5 
w 
I- 
W 
- 1  
I 
5 
N 
t- 
0 
. 
HY DRONAUTICS, INCORPORATED 
FREQUENCY - 14 KCS 
DOUBLE AMPLITUDE-1.36 X INCH 
02 LEVEL - 35 ppm 0 
TZM 
T- 222 
316SS 
Cb 132M 
ST 68 
0.0 0.2 0.4 0.6 0.8 1.0 
RATE OF VOLUME LOSS mm3/hour 
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FIGURE 13 - CAVITAT 
I N  HIGH 
ON DAMAGE RESISTANCE OF REFRACTORY ALLOYS 
TEMPERATURE LIQUID SODIUM (1 000" AND 1500OF) 
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FIGURE 14 - PHOTOGRAPHS O F  CAVITATION DAMAGE ON REFRACTORY METALS 
IN PURE LIQUID SODIUM (0, - 35 ppm) UP TO 150OoF 
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FREQUENCY: 14 KCS 
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EFFECT OF TEMPERATURE ON THE CAVITATION DAMAGE RATE 
OF 316 STAINLESS STEEL IN LIQUID SODIUM 
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FIGURE 19 - EFFECT OF TEMPERATURE ON THE INTENSITY OF CAVITATION 
DAMAGE IN LiQCllD SODIUM 
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FIGURE 20 - EFFECT OF TEMPERATURE ON THE RELATIVE INTENSITY OF ~ . .  . - .  
CAVITATION DAMAGE IN LIQUID SODIUM 
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FIGURE 25 - STRESS CORROSION SPECIMENS ASSEMBLED FOR TESTING 
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BEFORE EXPOSURE 
AFTER EXPOSURE 
FIGURE 26 - CLOSEUP PHOTO OF 31 6 STAINLESS STEEL STRESS CORROSION 
SPECIMEN AT NEAR 100% YIELD AT 1 500°F (9 - 100 pprn) 
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FIGURE 27 - CLOSEUP PHOTO OF TZM STRESS CORROSION SPECIMEN AT NEAR 
100% YIELD IN 150OoF SODIUM (9- 100 ppm) 
